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(54) METHOD OF MOLDING A PIEZOELECTRIC PILLAR DEVICE

(57)  Apiezoelectric device (100) is manufactured us-
ing a substrate (20) with a piezoelectric moldable layer
(10). A stamp (30) comprises a repeating pattern of unit
cells (30u) formed by a grid of interconnected sidewalls
(32) separating respective apertures (31). A molding
process comprises pushing (F) the stamp (30) into the
moldable layer (10). This causes the piezoelectric mate-
rial (M) to be pushed into the respective apertures (31)
and form an array of pillars (11). In the stamp, the fraction

of open area (A31), formed by a respective aperture (31),
is more than the fraction of solid area (A32), formed by
the surrounding sidewalls (32). In the resulting pillar
structure the fraction of active area (A11), formed by the
pillars (11) is more than the fraction of inactive area (A12)
between the pillars (11). The stamp (30) can be adapted
to improve structural integrity while using relatively thin
sidewalls (32).
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Description
TECHNICAL FIELD AND BACKGROUND

[0001] The present disclosure relates to piezoelectric
devices, such as acoustic transducers, comprising three
dimensional pillar structures of piezoelectric material,
and methods of manufacturing such devices, in particular
using a molding process, e.g. stamping.

[0002] As one application, pillar structures can be ad-
vantageous in lowering acoustical and/or mechanical
cross coupling between elements in an acoustic device.
In one publication, Chen et al [DOL:
10.1039/C5NR01746G] describes High Performance
P(VDF-TrFE) Nanogenerator with Self-Connected and
Vertically Integrated Fibers by Patterned EHD Pulling. In
another publication, Chen et al. [DOIl: 10.1002/sm-
1.201604245] describes High-Performance Piezoelec-
tric  Nanogenerators  with  Imprinted  P(VDF-
TrFE)/BaTiO3 Nanocomposite Micropillars for Self-Pow-
ered Flexible Sensors. In another publication, Xu et al.
[DOI: 10.1117/12.817028] describes Design and Micro-
fabrication of a PVDF Acoustic Sensor.

[0003] As further background, WO 2021/167446 A1
discloses a piezoelectric device and method of manufac-
turing. The contents of this prior art are enclosed herein
in their entirety, including the various manufacturing
steps to produce a piezoelectric device. The prior art dis-
closes that the manufacturing may comprise forming an
array of pillars by molding. In particular, the formation
may comprise pushing a molding structure (stamp) with
a surface topology, e.g. mold openings or holes, into a
moldable layer on a substrate. Accordingly, the piezoe-
lectric material of the moldable layer can be pushed into
respective mold openings to form respective pillars. For
example, the piezoelectric material in the moldable layer
is softened, e.g. by heating, prior to and/or during the
molding. This may facilitate deforming the material in the
shape of pillars. The material of the pillars may solidified,
e.g. by active or passive cooling, before removing the
mold.

[0004] There remains a need for further improvement
in the manufacturing of high performance piezoelectric
devices with pillars, in particular using a molding process
and stamp.

SUMMARY

[0005] Aspects of the present disclosure relate to pie-
zoelectric devices and methods of manufacturing such
devices. A substrate is provided with a moldable layer
comprising a piezoelectric material. A stamp, e.g. mold-
ing structure, comprises a repeating pattern of unit cells
formed by a grid of interconnected sidewalls separating
respective apertures there between. In each respective
unit cell, the sidewalls enclose a respective aperture of
the respective unit cell. In a stamping process, e.g. a
molding and/or embossing step, the stamp is pushed me-
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chanically into the moldable layer (or vice versa). This
may cause the moldable layer to be at least partially cut
by the grid of interconnected sidewalls and/or cause the
piezoelectric material to be pushed into the respective
apertures. In this way a two-dimensional array of three-
dimensional pillars can be formed comprising the piezo-
electric material. For example, each pillar is formed with
a shape complementary to the shape of the respective
aperture in the stamp. The resulting device may also in-
clude a residual layer of the piezoelectric (previously
moldable) material which is integrally connected with the
pillar structure.

[0006] It will be understood thatin each respective unit
cell of the stamp, a fraction of open area is formed by the
respective aperture, and a (complementary) fraction of
solid area is occupied by the surrounding sidewalls. The
inventors find that, by making the fraction of open area
in the stamp (much) higher than the fraction of solid area
occupied by the walls, the area of active regions occupied
by the piezoelectric pillars formed in the molding process
will be correspondingly higher than the area of the gaps
between the pillars without the piezoelectric material. By
having a relatively high fraction of the piezoelectric array
occupied by the active piezoelectric material, operation
of the resulting piezoelectric device may be improved,
e.g. compared to a sparse array of pillars. For example,
because the area in between the resulting pillar elements
essentially does not contribute to the piezoelectric re-
sponse and is ‘functionally dead area’, this area is pref-
erably minimized. In principle, this can be achieved by
using embossing structures on the stamp that are rela-
tively thin, e.g. using relatively thin walls between the
apertures. However, while small embossed trenches be-
tween the piezoelectric pillars can result in a dense pack-
ing of the elements, this can be technologically challeng-
ing to realize. For example, the inventors find that a mold-
ing structure, such as a PDMS stamp, with small line
width of the walls (high-aspect-ratio) and large lateral
length of the line/wall (distance between crossings) can
be mechanically unstable and may suffer from structural
collapse or buckle during molding / embossing of the
moldable layer.

[0007] One solution to alleviate the issue of buckling
may include using a relatively hard stamp or molding
structure. However, the inventors find that such hard
stamps may suffer from poor contact over a large area
and/or poor release of the molded material from the
stamp. Another or further solution may include imprinting
softer materials. For example, moldable piezoelectric
materials such as P(VDF-TrFE) may softens with rising
temperature, but this can be done only up to certain crit-
ical temperature. So the inventors propose specific struc-
tural adaptations of the molding structure which maxi-
mizes the active area of the resulting pillar elements while
maintaining the integrity of the stamp during the molding
process. Guiding principles in the adaptation include
avoiding long and thin walls on the stamp while keeping
the overall area maximized, e.g. creating densely packed
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structures.

[0008] Advantageously, the stamp or mold as de-
scribed herein can be manufactured using a freeform
process, e.g. including lithography, that allows various
new shapes which are not feasible using traditional saw-
ing of a piezoelectric layer. For example, the inventors
find that, by using patterns which include zigzagging
and/or curved wall segments instead of long straight
walls, the buckling of wall segments can be alleviated.
The inventors also find that wall segments between in-
tersection of different unit cells can be shortened using
a staggered arrangement. The inventors also find that
wall segments can be fortified using intermediate wall
structures or thickening. As shown by calculations and
simulations, described herein, the inventors find that, us-
ing a hexagonal pattern instead of a square or triangular
pattern, overall improvement of the active area can be
achieved including optimal utilization of this area by elec-
tric signals.

BRIEF DESCRIPTION OF DRAWINGS

[0009] These and other features, aspects, and advan-
tages of the methods and devices of the present disclo-
sure will become better understood from the following
description, appended claims, and accompanying draw-
ing wherein:

FIGs 1A and 1B illustrate a method of manufacturing
a piezoelectric device and a resulting device;

FIG 2A illustrates a pattern of unit cells formed as
part of a stamp;

FIG 2B illustrates further details of unit cell;

FIG 3A illustrates a pattern of unit cells including zig-
zagged wall segments;

FIG 3B illustrates a pattern of unit cells including
curved wall segments;

FIG 4A illustrates a pattern of unit cells including in-
termediate wall structures;

FIG 4B illustrates a pattern of staggered unit cells;
FIG 4C illustrates a combination of staggered unit
cells and intermediate wall structures;

FIGs 5A-5C illustrate a comparison of active area
for unit cells with different patterns;

FIG 6 illustrate a graph of the fraction of active area
as function of the relative gap size for different pat-
terns;

FIGs 7A and 7B illustrate a simulation of electric field
strength in piezoelectric pillars having a square and
hexagonal shape, respectively.

DESCRIPTION OF EMBODIMENTS

[0010] Terminology used for describing particular em-
bodiments is not intended to be limiting of the invention.
As used herein, the singular forms "a", "an" and "the" are
intended to include the plural forms as well, unless the

context clearly indicates otherwise. The term "and/or" in-
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cludes any and all combinations of one or more of the
associated listed items. It will be understood that the
terms "comprises" and/or "comprising" specify the pres-
ence of stated features but do not preclude the presence
or addition of one or more other features. It will be further
understood that when a particular step of a method is
referred to as subsequent to another step, it can directly
follow said other step or one or more intermediate steps
may be carried out before carrying out the particular step,
unless specified otherwise. Likewise it will be understood
that when a connection between structures or compo-
nents is described, this connection may be established
directly or through intermediate structures or compo-
nents unless specified otherwise.

[0011] The invention is described more fully hereinaf-
ter with reference to the accompanying drawings, in
which embodiments of the invention are shown. In the
drawings, the absolute and relative sizes of systems,
components, layers, and regions may be exaggerated
for clarity. Embodiments may be described with refer-
ence to schematic and/or cross-section illustrations of
possibly idealized embodiments and intermediate struc-
tures of the invention. In the description and drawings,
like numbers refer to like elements throughout. Relative
terms as well as derivatives thereof should be construed
to refer to the orientation as then described or as shown
in the drawing under discussion. These relative terms
are for convenience of description and do not require that
the system be constructed or operated in a particular
orientation unless stated otherwise.

[0012] FIGs 1A and 1B illustrate a method of manu-
facturing a piezoelectric device 100.

[0013] In some embodiments, e.g. as shown in FIG
1A, a substrate 20 is provided with a moldable layer 10.
Preferably, the moldable layer 10 and/or the resulting
pillars 11 comprise or essentially consist of a piezoelec-
tric material "M". It will be understood that the term mold-
able layer 10 is used to reference the precursor layer, as
shown in FIG 1A, before it takes its final shape forming
a structure of pillars 11, as shown in FIG 1B. It does not
necessarily indicate a change in material functionality (as
in chemical precursor). For example, the piezoelectric
material may have piezoelectric functionality before and
after the molding, but in a different shape. In a preferred
embodiment, the piezoelectric material "M" comprises or
essentially consists of piezoelectric polymers. Most pref-
erably, the piezoelectric material comprises or essential-
ly consists of a polymeric or a composite polymeric/ce-
ramic material. Examples of polymeric piezoelectric ma-
terials may include PVDF and its co-polymers, polya-
mides, liquid crystal polymers, polyimide and polyvinyli-
denechloride PVDC.

[0014] In some embodiments, a stamp 30 is provided
with a repeating pattern of unit cells 30u. Preferably, the
unit cells 30u are identical or essentially similar. In one
embodiment, the pattern of units unit cell 30u is formed
by a grid of interconnected sidewalls 32. Preferably, the
sidewalls 32 form a contiguous wall structure. In another
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or further embodiment, the sidewalls 32 are configured
to separate respective apertures 31 there between. Pref-
erably, in each respective unit cell 30u, the sidewalls 32
enclose a respective aperture 31 of the respective unit
cell 30u.

[0015] Some embodiments comprise performing a
molding process, e.g. stamping and/or embossing the
moldable layer 10. In one embodiment, the molding proc-
ess comprises pushing the stamp 30 (indicated by arrow
"F") into the moldable layer 10. Of course the moldable
layer 10 is then also pushed into the stamp. Preferably,
the pushing causes the moldable layer 10 to be at least
partially cut by the grid of interconnected sidewalls 32
and/or the pushing causes the piezoelectric material "M"
to be pushed into the respective apertures 31. In this way
an array of pillars 11 comprising the piezoelectric material
"M" can be formed. For example, (the shape of) each
pillar 11 is formed according to (the shape of) a respective
aperture 31. In some embodiments, the piezoelectric ma-
terial "M" in the moldable layer 10 is softened, e.g. by
heating, prior to and/or during the molding. This may fa-
cilitate deforming the material in the shape of pillars. The
material of the pillars may solidified, e.g. by active or pas-
sive cooling, before removing the mold. Alternatively, or
additionally, the pillars can be made by molding soft (e.g.
sol-gel) layers that are cured afterwards, e.g. by UV ra-
diation.

[0016] In some embodiments, the substrate 20 forms
a support structure under the array of pillars 11. Typically,
the substrate 20 is of a different material than the pillars,
e.g. not a piezoelectric material. For example, the sub-
strate 20 comprises a plastic, glass, or silicon substrate.
Alternatively, the substrate 20 may itself comprise pie-
zoelectric material "M" essentially being formed only by
the moldable layer 10. By using a flexible substrate as
the substrate 20, it may be easier to separate the mold
structure 30 from the pillars 11 after formation. Alterna-
tively, or in addition, also the mold structure 30 can be
flexible.

[0017] In a preferred embodiment, e.g. as shown, the
lengths of the pillars 11 have a direction perpendicular
to a plane of the substrate 20, with the respective ends
facing away from the substrate 20. Alternatively, or ad-
ditionally, it can be envisaged that some, or all pillars are
directed at an angle with respective to a surface normal
of the substrate 20.

[0018] Aspects of the present disclosure can also be
embodied as a piezoelectric device 100 manufactured
according to the methods described herein. In some em-
bodiments, e.g. as shown in FIG 1B, the piezoelectric
device 100 comprises a substrate 20 with a pillar struc-
ture formed of a molded piezoelectric material "M". In
one embodiment, the pillar structure comprises a repeat-
ing pattern of (identical or essentially similar) unit cells
10u formed by a grid of interconnected spacing 12 sep-
arating the piezoelectric material "M" of respective pillars
11 there between. Preferably, the spacing 12 is formed
by open (contiguous) gap. Alternatively, or additionally a
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non-piezo-electric filler material can be provided be-
tween the pillars. Typically, in each respective unit cell
10u, the spacing 12 encloses a respective pillar 31 of the
respective unit cell 10u. In one embodiment, e.g. as
shown, the pillar structure is integrally formed on a resid-
ual layer 13 of the piezoelectric material "M" left over after
molding of the pillar structure.

[0019] Insome embodiments, the resulting array of pil-
lars comprises at least ten pillars, preferably at least
twenty pillars, more preferably at least fifty pillars, most
preferably at least hundred pillars, e.g. up to thousand
pillars, or more. Preferably, the array of pillars is a two-
dimensional array, e.g. having at least three, five, ten or
more pillars arranged in each row and/or at least three,
five, ten or more pillars arranged in another direction
transverse to the row, e.g. column. It will be noted that,
e.g. in a hexagonal grid and/or staggered grid, the rows
and columns may be at other angles than a perpendicular
ninety degree (plane) angle. For example, the rows and
columns may be at sixty degrees or forty-five degrees.
[0020] It will also be understood that the pattern of the
stamp 30 is typically the same but complementary to the
pattern the pillar structure. So any embodiments de-
scribed herein with regards the layout and dimensions
of the stamp 30, e.g. wall thickness, wall length, relative
arrangement of walls, pitch, period, et cetera, can be mu-
tatis mutandis applicable in, and embodied by, the re-
sulting pillar structure, e.g. the gap width, gap length,
relative arrangement of gaps, pitch, period, et cetera. For
example, the pillars and apertures typically have relative-
ly small cross-section dimension, e.g. with a minimum
diameter in a range between 10 - 500 micrometer, pref-
erably between 20 - 300 micrometer, most preferably be-
tween 40 - 200 micrometer. Preferably, as described
herein, the (minimum) gap size "G" of the spacing 12
between the pillars 11, corresponding to the (minimum)
thickness of sidewalls 32 between the apertures 31, is
smaller than the said minimum diameter, e.g. less than
twenty micrometers, less than ten micrometers, less than
five micrometers, down to one micrometer, or less. A
length of the pillars 11 (transverse to the substrate) is
preferably the same or more than their (minimum) cross-
section diameter, e.g. in a range between 10 - 500 mi-
crometer, preferably between 20 - 300 micrometer, most
preferably between 40 - 200 micrometer. For example,
the pillar height is more than the pillar width by at least
twenty percent, at least fifty percent, up to a factor two,
or more. The depth of the apertures 31 in the stamp is
preferably be the same as the height of the pillars 11, but
can also be higher (e.g. with an open end as shown in
FIG 1A).

[0021] Piezoelectric devices such as described herein
can be used to transmit and/or receive acoustic signals,
e.g. ultrasound. For example, a voltage can be applied
to generate an electric field through the piezoelectric ma-
terial "M" of the pillars 11 to actuate a vibration in the
pillars. Alternatively, or in addition, a voltage can be
measured depending on a vibration in the pillars 11, e.g.
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caused by an external source. In some embodiments (not
shown), a respective one or more of the pillars 11 are
connected via respective electrodes to an electrical de-
vice configured to transceive electrical signals there be-
tween. For example, the electrical device comprises a
signal generator and/or sensor device. Also other or fur-
ther components can be connected such as a controller
to determine which one or more of the pillars 11 is ad-
dressed.

[0022] In some embodiments, the piezoelectric device
100 comprises an electrode 21 configured to apply and/or
receive an electrical signal from the pillars. In one em-
bodiment, the piezoelectric device 100 comprises one or
more bottom electrodes at a bottom end of the pillars 11.
In another or further embodiment (not shown here), the
piezoelectric device 100 comprises one or more top elec-
trodes at a top end of the pillars 11. For example, one or
both of the bottom and/or top electrodes can be config-
ured to individually and/or collectively address respective
pillars. In some embodiments, e.g. as shown, the bottom
electrode 21 is disposed between the residual layer 13
and the substrate 20, e.g. acting as a support substrate.
Forexample, the bottom electrode 21 comprises an elec-
trically conducting layer and/or circuitry to electrically in-
teract with respective pillars. In other or further embodi-
ments (not shown), the piezoelectric device 100 compris-
es a controller to send and/or receive electrical signals
to/from the piezoelectric pillar structure.

[0023] In some embodiments, electrical connections
and/or components are incorporated in or on the sub-
strate 20. For example, these can be formed lithograph-
ically, e.g. onasilicon or other material substrate. Insome
embodiments, one or more further layers are formed be-
tween the moldable layer 10 and the substrate 20. For
example, the additional layers may have an electrical or
other function. Preferably, at least a first electrode 21 is
formed between the pillars 11 and the substrate 20 for
applying an electric potential (voltage)to the piezoelectric
material "M". For example, the first electrode 21 compris-
es aconductive layer, e.g. metal, which may be patterned
or not. In some embodiments, the first electrode 21 is a
common electrode to apply the same voltage to all of the
pillars. For example, the first electrode 21 is a continuous
metal layer that runs under all the pillars. In other or fur-
ther embodiments, the first electrode 21 is subdivided to
individually address (apply a respective voltage to) one
pillar, or multiple pillars, e.g. a subset of all pillars. For
example, one electrode may cover a collection or cluster
of adjacent pillars.

[0024] In other or further embodiments, the other ends
of the pillars (facing away from the substrate), are pro-
vided with a second electrode (not shown). For example,
the piezoelectric pillars can be configured as thickness
mode transducers. In one embodiment, one or more sec-
ond electrode are applied directly onto the pillars. Op-
tionally, an extra piezoelectric layer can be applied to,
e.g. bonded, on top of the pillars as explained in the prior
publication WO 2021/167446 A1. For example, the extra
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piezoelectric layer can help to structurally fortify the pillar
array and/or act as a platform for depositing further cir-
cuitry such as one or more second electrodes.

[0025] Asillustrated on the right side of FIG 1B, in each
respective unit cell 10u of the pillar structure, a fraction
of active area "A," is occupied by the piezoelectric ma-
terial "M" of the respective pillar 11, and a (complemen-
tary) fraction of inactive area "A4," is formed by the spac-
ing 12 between the pillars. As described herein, the frac-
tion of active area "A44" is preferably more than the frac-
tion ofinactive ('dead’) area "A4,", e.g. by at least a factor
two, preferably at least a factor three, more preferably at
least a factor five, e.g. up to a factor ten, or more. The
higher the fraction of active area, the more effective the
performance per unitarea ofthe piezoelectric device 100.
[0026] FIG 2A illustrates a pattern of unit cells 30u
formed as part of a stamp 30. Typically, in each respec-
tive unit cell 30u of the stamp 30, a fraction of open area
"Ay,"is formed by the respective aperture 31, and a (com-
plementary) fraction of solid area "As," is occupied by
the surrounding sidewalls 32. In a preferred embodiment,
the fraction of open area "A34" is more than the fraction
of solid area "A3,". Accordingly, as described above, the
active area "A 4" of active regions occupied by the pie-
zoelectric pillars 11 (formed in the molding process) will
be higher than the inactive area "A4," of the gaps 12
between the pillars without the piezoelectric material. In
one embodiment, the fraction of open area "A3," is more
than the fraction of solid area "Aj," by at least a factor
two, preferably at least a factor three, most preferably at
least a factor five, e.g. up to a factor ten, or more. Typi-
cally, the

[0027] FIG 2B illustrates further details of a unit cell
30u. In some embodiments, the sidewalls 32 comprise
surrounding wall segments 32s which are shared with
adjacent unit cells surrounding the respective unit cell
30u. In other or further embodiments, the grid of inter-
connected sidewalls 32 (e.g. in plan view) is defined by
a set of nodes 32n at respective intersections of the grid.
For example, a node 32n is defined at each intersection
of the grid where at least three wall segments 32s of the
sidewalls 32 (having at least two different directions) in-
tersect each other. For example, the three wall segments
32s may correspond to different unit cells and/or the
same unit cell (in case of an intermediate wall structure
as shown, e.g., in FIG 4A) .

[0028] In one preferred embodiment, the surrounding
wall segments 32s (at least those shared between adja-
cent unit cells 30u) have a minimum wall thickness "T"
that is smaller than a minimum (inner) cross-section di-
ameter "D,,,;," of the respective aperture 31, e.g. by at
least a factor two, three, five, up to a factor ten, or more.
For example, the minimum cross-section diameter can
be measured through a center of the aperture, e.g. the
center of rotational symmetry (order>2). As will be ap-
preciated, the minimum wall thickness "T" compared to
the minimum cross-section diameter "D,,,;," of the aper-
ture will determine the minimum cross-section diameter
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of the resulting pillar 11 compared to the spacing, e.g.
gap, between the pillars. The smaller the gap relative to
the cross-section, the larger the active area can be.
[0029] In another or further preferred embodiment, a
maximum wall length "L ... of any straight wall segment
32s in the grid of interconnected sidewalls 32 is smaller
than the minimum cross-section diameter "D,,,;," of any
aperture 31 formed along said straight wall segment 32s.
For example, the wall length may be measured in a plan
view of the repeating pattern of unit cells 30u (e.g. in a
plane parallel to the stamp 30 and/or moldable layer 10).
The inventors find that by avoiding long straight wall seg-
ments, e.g. relative to the minimum cross-section diam-
eter of the adjacent aperture, the structural integrity of
the walls during the molding process may be improved.
For example, in a conventional pattern formed by a
square grid of sidewalls, the wall segments may be
formed along relatively long straight lines between the
rows and columns of the square shaped apertures there
between. Conversely, the preferred structures as de-
scribed herein can be formed by relatively short line seg-
ments that are e.g. zig-zagged and/or curved to help al-
leviate buckling of the wall segments during molding, es-
pecially when the wall thickness is made relatively small
to reduce spacing between the resulting pillars and/or
improve the active area. For example, the maximum
straight wall length "L,,," can be smaller than the mini-
mum cross-section diameter "D,," by at least twenty
percent (factor 0.8) such as in the hexagonal pattern of
FIGs 1 and 2. The maximum straight wall length can also
be smaller, e.g. using a zigzag pattern as shown in FIG
3A. Alternatively, or additionally, straight wall segments
can be avoided, e.g. using curved wall segments as
shown in FIG 3B. In some embodiments, the respective
unit cell 30u has a maximum diameter (not indicated)
defined as a distance between a pair of further apart
nodes surrounding the respective unit cell 30u. In one
embodiment, the longest straight wall sesgmentanywhere
in the repeating pattern of unit cells 30u is smaller than
the maximum diameter and/or smaller than the minimum
diameter.

[0030] In another or further preferred embodiment, a
walllength"L,,,,," of any (straight or curved) wall segment
32s, between a respective pair of closest nodes 32n, is
smaller than the minimum cross-section diameter "D ;"
of any aperture 31 formed along said wall segment 32s,
e.g. by at least twenty percent. For example, the straight
or curved wall segment 32s can be anywhere in the grid
of interconnected sidewalls 32. As will be appreciated,
the wall segments can be structurally fortified at the
nodes by the additional wall segments having different
directions. By keeping the wall length between nodes
relatively short, e.g. shorter than the minimum cross-sec-
tion diameter of the aperture, the overall structural integ-
rity of the sidewalls can be improved and buckling during
the molding process can be alleviated. For example, in
a conventional pattern formed by a square grid of side-
walls, the wall segments between nodes have essentially
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the same length as the square shaped apertures. Con-
versely, the preferred structures as described herein can
have line segments between respective nodes that are
shorter than the diameter of the aperture. For example,
the wall length between the closest nodes can be smaller
than the minimum cross-section diameter "D,;;," by at
least twenty percent (factor 0.8) such as in the hexagonal
pattern of FIG 2. The wall length between the closest
nodes can also be smaller, e.g. by alternatively or addi-
tionally applying intermediate wall structures 32i such as
shown in FIG 4A. Alternatively, or additionally, the wall
length between the closest nodes can be shortened by
using a staggered pattern such as shown in FIG 4B. Also
combinations of intermediate wall structures and stag-
gered patterns can be used, such as shown in FIG 4C.
[0031] FIG 3A illustrates a pattern of unit cells 30u in-
cluding zigzagged wall segments 30s. FIG 3B illustrates
a pattern of unit cells 30u including curved wall segments
30s. In some embodiments, at least some (preferably all)
wall segments 32s between a pair of closest nodes 30n
(at intersections where three or more wall segments
meet) surrounding a respective aperture 31, have a kink
and/or curvature changing a direction 6 of the wall seg-
ment 32s along a path between the closest nodes, e.g.
by at least five degrees plane angle, preferably at least
ten or twenty degrees, e.g. up to forty-five degrees, or
more.

[0032] In other or further embodiments, three of four
wall segments 32s of different unit cells 30u meet at re-
spective intersections preferably having an angle of at
least ninety degrees (e.g. when there are four unit cells
bordering the intersection as shown by the 90° indication
in FIG 3B), or atleasthundred-twenty degrees (e.g. when
there are three unit cells like in the hexagonal pattern).
For example, in the curved pattern, itis preferred that the
curvature straightens out before the node so the angle
between wall segments is maximized. A similar effect
can be achieved by introducing additional kinks in the
pattern of FIG 3A (not shown). Avoiding sharp angles
between the wall segments may improve the electric field
in the corresponding pillars, as e.g. illustrated in FIGs 7A
and 7B.

[0033] FIG 4A illustrates a pattern of unit cells 30u in-
cluding intermediate wall structures 30i. FIG 4B illus-
trates a pattern of staggered unit cells 30u (e.g. laterally
offset and/or running bond). FIG 4C illustrates a combi-
nation of staggered unit cells 30u and intermediate wall
structures 30i. In some embodiments, at least some wall
segments 32s between nodes 30n (forming intersections
of the sidewalls 32 between three or more unit cells 30u)
comprise an intermediate wall structure 32i formed by a
transverse wall segment and/or local thickening of the
wall segment 32s. For example, a length "Li" of the trans-
verse wall (pointing into and out of the aperture) and/or
a thickness "Ti" of the local thickening is higher than a
minimum thickness "T" of the rest of the wall segment by
at least a factor two, three, e.g. up to a factor five, or
more. In other or further embodiments, the unit cells 30u
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are staggered. For example, a first row of unit cells is
displaced with respect to an adjacent second row of unit
cells. In one embodiment, the displacement "DX" is be-
tween a fraction of 0.4 - 0.6 times a dimension of the unit
cells along the respective row, preferably half said di-
mension (i.e. such that one or more, preferably each, unit
cell of the first row is in the middle between two unit cells
of the second row).

[0034] FIGs 5A-5C illustratesa comparison of active
area for unit cells with different patterns. It can be shown
that the fraction of active area "A" =A,,/(A1+A ;) may
be calculated as follows.

[0035] For a square pattern:
s? s?
A = — = ——
t2 s+d?
[0036] For a triangular pattern:
1
Z\/§52 52

A= 1 = >
Z\/§t2 (S + d\/3)

[0037] For a hexagonal pattern:

A= 3 = 3
7\/§t2 (s +d/V3)

[0038] FIG 6 illustrate a graph of the fraction of active
area A as function of the relative gap size d/s for different
patterns. It may be noted that using a hexagonal pattern
can provide a relatively large fraction of active area for a
respective relative gap size d/s compared to a square
pattern while a triangular pattern provides a relatively low
fraction of active area.

[0039] FIGs 7Aand 7Billustrate a simulation of electric
field strength E in piezoelectric pillars having a square
and hexagonal shape, respectively. It may be noted that
the relatively obtuse internal angle of 120° in a hexagonal
pattern can allow better penetration of the electric field
E in the corners compared to the smaller angle of 90° in
a square pattern. Accordingly, in some embodiments,
the overall utilization of the active area can be further
improved by maximizing the internal angles such as in
using hexagonal or other patterns.

[0040] In interpreting the appended claims, it should
be understood that the word "comprising" does not ex-
clude the presence of other elements or acts than those
listed in a given claim; the word "a" or "an" preceding an
element does not exclude the presence of a plurality of
such elements; any reference signs in the claims do not
limit their scope; several "means" may be represented
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by the same or differentitem(s) or implemented structure
or function; any of the disclosed devices or portions there-
of may be combined together or separated into further
portions unless specifically stated otherwise. Where one
claim refers to another claim, this may indicate synergetic
advantage achieved by the combination of their respec-
tive features. But the mere fact that certain measures are
recited in mutually different claims does not indicate that
a combination of these measures cannot also be used
to advantage. The present embodiments may thus in-
clude all working combinations of the claims wherein
each claim can in principle refer to any preceding claim
unless clearly excluded by context.

Claims

1. A method of manufacturing a piezoelectric device
(100), the method comprising

providing a substrate (20) with a moldable layer
(10) comprising a piezoelectric material (M);
providing a stamp (30) comprising a repeating
pattern of unit cells (30u) formed by a grid of
interconnected sidewalls (32) separating re-
spective apertures (31) there between, wherein
in each respective unit cell (30u) the sidewalls
(32) enclose a respective aperture (31) of the
respective unit cell (30u);

performing a molding process comprising push-
ing (F) the stamp (30) into the moldable layer
(10), or vice versa, to cause the moldable layer
(10) to be at least partially cut by the grid of in-
terconnected sidewalls (32) and the piezoelec-
tric material (M) to be pushed into the respective
apertures (31) to form an array of pillars (11),
comprising the piezoelectric material (M),
wherein each pillar (11) is formed according to
the respective aperture (31);

wherein, in each respective unit cell (30u) of the
stamp (30), a fraction of open area (Aj4) is
formed by the respective aperture (31), and a
complementary fraction of solid area (As,) is oc-
cupied by the surrounding sidewalls (32),
wherein the fraction of open area (A34) per unit
cell (30u) of the stamp is more than the fraction
of solid area (As,).

2. The method according to the preceding claim,
wherein the sidewalls (32) comprise surrounding
wall segments (32s) which are shared with adjacent
unit cells surrounding the respective unit cell (30u),
wherein the surrounding wall segments (32s),
shared between adjacent unit cells (30u), have a
minimum wall thickness (T) that is smaller than a
minimum cross-section diameter (D,;,) of the re-
spective aperture (31) by at least a factor two.
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The method according to the preceding claim,
wherein, in a plan view of the repeating pattern of
unit cells (30u), a maximum wall length (L,,,5,) of any
straight wall segment (32s), forming part of the grid
of interconnected sidewalls (32), is smaller than the
minimum cross-section diameter (D,,;,) of any aper-
ture (31) formed along said straight wall segment
(32s).

The method according to any of the preceding
claims, wherein the grid of interconnected sidewalls
(32) is defined by a set of nodes (32n) at respective
intersections of the grid where at least three wall seg-
ments (32s) of the sidewalls (32) intersect each oth-
er, wherein a wall length of any wall segment (32s)
between a respective pair of closest nodes (32n) is
smaller than the minimum cross-section diameter
(Dpin) of any aperture (31) formed along said wall
segment (32s) by at least twenty percent.

The method according to any of the preceding
claims, wherein at least some wall segments (32s)
between a pair of closest nodes (30n), at intersec-
tions where three or more wall segments meet sur-
rounding a respective aperture (31), have a kink
and/or curvature changing a direction (8) of the wall
segment (32s) along a path between the closest
nodes by at least ten degrees.

The method according to the preceding claim,
wherein three of four wall segments (32s) of different
unit cells (30u) meet at respective intersections hav-
ing an angle of at least ninety degrees.

The method according to any of the preceding
claims, wherein at least some wall segments (32s)
between nodes (30n) forming nearest intersections
of the sidewalls (32) between three or more unit cells
(30u) comprise an intermediate wall structure (32i)
formed by a transverse wall segment, with a length
(Li) oriented transverse to a length of the respective
wall segment

The method according to any of the preceding
claims, wherein at least some wall segments (32s)
between nodes (30n) forming nearest intersections
of the sidewalls (32) between three or more unit cells
(30u) comprise an intermediate wall structure (32i)
formed by a local thickening of the wall segment
(32s), wherein a thickness (Ti) of the local thickening
is higher than a minimum thickness (T) of the rest of
the wall segment by at least a factor two.

The method according to any of the preceding
claims, wherein the pattern of unit cells (30u) com-
prises staggered rows of unit cells (30u), wherein a
first row of unit cells is displaced with respect to an
adjacent second row of unit cells, wherein unit cells
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10.

1.

12.

13.

14.

15.

of the first row are displaced with an offset (Dx) mid-
way between two unit cells of the second row.

The method according to any of the preceding
claims, wherein the pattern of unit cells (30u) com-
prises a hexagonal pattern.

The method according to any of the preceding
claims, wherein the stamp (30) is manufactured us-
ing a lithographic process.

A piezoelectric device (100) manufactured accord-
ing to the method of any of the preceding claims, the
piezoelectric device (100) comprising

a substrate (20) with a pillar structure formed of
a molded piezoelectric material (M);

wherein the pillar structure comprises a repeat-
ing pattern of unit cells (10u) formed by a grid
of interconnected spacing (12) separating the
piezoelectric material (M) of respective pillars
(11) there between, wherein in each respective
unit cell (10u) the spacing (12) encloses a re-
spective pillar (31) of the respective unit cell
(10u),

wherein the pillar structure is integrally formed
on a residual layer (13) of the piezoelectric ma-
terial (M) left over after molding of the pillar struc-
ture,

wherein, in each respective unit cell (10u) of the
pillar structure, a fraction of active area (A44) is
occupied by the piezoelectric material (M) of the
respective pillar (11), and a complementary frac-
tion of inactive area (A,) is formed by the spac-
ing (12) between the pillars, wherein the fraction
of active area (A44) per unit cell (10u) of the pillar
structure is more than the fraction of inactive ar-
ea (Aqp).

The device according to claim 12, wherein a mini-
mum spacing (12) between adjacent pillars (11) in
the pillar structure is less than a minimum diameter
of said pillars (11) by at least a factor two.

The device according to claim 12 or 13, wherein pillar
structure comprises a two dimensional array of pil-
lars with at least five pillars arranged along each di-
rection of the array, wherein each pillar has a hex-
agonal cross-section shape with a minimum diame-
ter less than two hundred micrometer and a spacing
between the pillars less than twenty micrometer.

The device according to any of claims 12 - 14, where-
in the piezoelectric device (100) comprises at least
one electrode (21) and a controller configured to
send and/or receive electrical signals to/from the pi-
ezoelectric pillar structure.
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